The tetranuclear Cu Z cluster is the unique active site of nitrous oxide reductase, the enzyme that catalyzes the reduction of nitrous oxide to dinitrogen as the fi nal reaction in bacterial denitrifi cation. Three-dimensional structures of orthologs of the enzyme from a variety of different bacterial species were essential steps in the elucidation of the properties of this center. However, while structural data fi rst revealed and later confi rmed the presence of four copper ions in spectroscopically distinct forms of Cu Z , the exact structure and stoichiometry of the cluster showed signifi cant variations. A ligand bridging ions Cu Z1 and Cu Z2 was initially assigned as a water or hydroxo species in the structures from Pseudomonas nautica (now Marinobacter hydrocarbonoclasticus ) and Paracoccus denitrifi cans . This ligand was absent in a structure from ' Achromobacter cycloclastes ' , and could be reconstituted by iodide that acted as an inhibitor of catalysis. A recent structure of anoxically isolated nitrous oxide reductase from Pseudomonas stutzeri revealed the bridging ligand to be sulfi de, S 2-, and showed an unprecedented side-on mode of nitrous oxide binding to this form of Cu Z .
Introduction
Bacterial denitrifi caton is the dissimilatory conversion of nitrate, NO 3 -, in four reductive steps via nitrite, NO 2 -, nitric oxide, NO, and nitrous oxide, N 2 O, to yield the inert and stable end product dinitrogen, N 2 (Zumft , 1997 ; Einsle and Kroneck , 2004 ) . In the absence of dioxygen, nitrate is an energetically highly favorable electron acceptor and denitrifi cation is commonly the dominant metabolic process in microoxic or anoxic environments. In stratifi ed soils and sediments, such conditions are reached only millimeters or centimeters below the surface (Falkowski , 1997 ) . The substrate nitrate is also a fertilizer in modern-day industrial agriculture. It is assimilated by plants and converted to bioavailable ammonium, NH 4 + , avoiding the downsides of directly using the latter, namely its toxicity, basicity, and signifi cant loss as ammonia gas. Due to the energetic effi ciency of denitrifi cation, however, approximately half of the nitrate brought out as fertilizers is returned to the state of N 2 by competing bacterial denitrifi ers, in essence doubling the amount of energy required globally for the production of plant fertilizers by the Haber-Bosch process (Canfi eld et al. , 2010 ) . The environmental impact of denitrifi cation in conjunction with agriculture is signifi cantly worsened by the fact that under microoxic conditions the fi nal step of the metabolic pathway, the reduction of N 2 O to N 2 , is the weakest link in the chain. The enzyme nitrous oxide reductase (N 2 OR), which catalyzes this reaction, is sensitive to dioxygen, so that denitrifi cation frequently ceases at this step and gaseous N 2 O is released to the atmosphere (Canfi eld et al. , 2010 ) . Recent years have witnessed a signifi cant increase in atmospheric levels of nitrous oxide (Schmittner and Galbraith , 2008 ; Samarkin et al. , 2010 ) , and the gas has been heavily scrutinized for its twofold deleterious effect on the global climate. As a ' greenhouse gas ' , its global warming potential exceeds that of CO 2 by a factor of 300, and through absorption of solar radiation in the upper troposphere and the stratosphere various NO x compounds are generated that react with atmospheric ozone, depleting the compound with an effi ciency similar to that of the largely banned hydrochlorofl uorocarbons. While efforts are under way on a political level to regulate the levels of CO 2 release, nitrous oxide concentrations in the atmosphere are on a steady rise, to the point that N 2 O has recently been designated the most critical anthropogenic emission in the 21 st century (Ravishankara et al. , 2009 ) . N 2 OR is a homodimeric metalloenzyme of approximately 130 kDa with two copper-containing redox centers, the presumed electron transfer site Cu A and the catalytic Cu Z center (Zumft and Kroneck , 2007 ) (Figure 1 ). Because of its unusual metal centers and its catalytic capacities, N 2 OR has been studied for decades, and at least three spectroscopically distinct forms of the enzyme were identifi ed. The protein isolated under strict exclusion of dioxygen is purple and shows catalytic activity with sodium dithionite as an electron donor and an apt electron carrier (form I). When isolated in the presence of dioxygen, but under non-reducing conditions, a pink form (form II) is generated, while the same preparation with added reductant yields a blue protein (form III). Forms II and III of N 2 OR are not active per se, but can be activated by extended reduction with methyl viologen to yield a fully reduced state of the Cu Z site with catalytic activity (Ghosh et al. , 2003 ) ( Figure 1B ). All forms can be distinguished by their spectroscopic properties, although they were mostly described for N 2 OR enzymes from different species (Farrar et al. , 1991 ) . With the exception of the super-reduced protein, threedimensional structures are available for all forms. The fi rst structures of N 2 OR orthologs were the blue form III structures of Marinobacter hydrocarbonoclasticus (Brown et al. , 2000a,b ) (formerly Pseudomonas nautica ) and Paracoccus denitrifi cans (Haltia et al. , 2003 ) . A form II enzyme was investigated from ' Achromobacter cycloclastes ' (Paraskevopoulos et al. , 2006 ) , an isolate from a denitrifying community (Iwasaki and Matsubara , 1972 ) that is not a taxonomically valid species by current defi nition. Recently, the purple form I enzyme from Pseudomonas stutzeri was crystallized (Pomowski et al. , 2010 ) , yielding a structure that represents the physiologically active form of N 2 OR (Pomowski et al. , 2011 ) . The structures show slight differences in the metal centers, but to date the functional implications of this variability are scarcely understood (Table 1 ) .
Here, we review the structural and spectroscopic properties of N 2 OR and compare the purple form I of the enzyme to the pink (II) and blue (III) forms presented previously. We emphasize that structural and spectroscopic features can be correlated to explain the observed differences and to understand how the forms can be generated from each other.
Crystallographic analysis of N 2 OR
N 2 OR is the product of the nosZ gene, which is found in a wide variety of bacteria that are capable of denitrifi cation, including some halophiles and thermophiles (Zumft and Kroneck , 2007 ) , as well as diazotrophs belonging to the genera Azoarcus , Bradyrhizobium , Sinorhizobium , and Rhodobacter (Zumft , 1997 ) . The sequence of NosZ is conserved, showing a distinct two-domain architecture with an N-terminal, seven-bladed β -propeller domain and a smaller, C-terminal domain that adopts a conserved cupredoxin fold typical for copper-binding proteins (Choi and Davidson , 2011 ) . Each domain harbors one of the copper-based metal centers of the enzyme, the binuclear Cu A site in the cupredoxin domain, and the tetranuclear Cu Z in the center of the β -propeller. First structural data on N 2 OR were obtained for the enzyme from M. hydrocarbonoclasticus . This protein was isolated and crystallized under oxic conditions in the presence of dithionite (Prud ê ncio et al., 1999 (Prud ê ncio et al., , 2000 , making it a form III enzyme (Coyle et al. , 1985 ; Riester et al. , 1989 ) . The analysis of the diffraction data revealed the protein to be a tightly linked head-to-tail homodimer with a negative electrostatic surface potential that allows for the close interaction of the Cu A center from one subunit with the Cu Z site of the other (Brown et al. , 2000b ) (Figure 2 ). Cu A , the presumed electron transfer cluster, was very similar to the analogous site observed in the structure of cytochrome c oxidase from P. denitrifi cans (Iwata et al. , 1995 ) . Before the structural analysis, the architecture of the Cu Z site was unclear; however, generally, a second binuclear site was expected on the basis of metal determinations that indicated the presence of a total of eight Cu ions per NosZ homodimer . However, the Cu Z site of the M. hydrocarbonoclasticus enzyme contained four Cu, and in the initial model an oxygen species was placed in a μ 4 bridging position (Brown et al. , 2000b ) , constituting an entirely novel type of copper cluster. In the protein, the four copper ions are exclusively liganded by seven histidine residues, and the fi nding of a central oxygen species was then at variance with earlier data indicating the presence of sulfur as a direct ligand to copper (Farrar et al. , 1991 ; Rasmussen et al. , 2000 ) . Subsequent re-assessment of the M. hydrocarbonoclasticus structure led to a re-defi nition of the cluster stoichiometry as [4Cu:S], reconciling structure and spectroscopy for the time being (Brown et al. , 2000a ) . On the basis of this structure and the one determined shortly after for the P. denitrifi cans ortholog (Haltia et al. , 2003 ) , Gorelsky et al. (2006) proposed a mechanism for binding and activation of N 2 O on the Cu Z cluster where the substrate binds in a bridging mode between atoms Cu Z1 and Cu Z4 of the cluster. More recently, a further N 2 OR structure was presented for the isolate ' A. cycloclastes ' that was purifi ed under exclusion of dioxygen. Its spectral properties identifi ed it as a form II enzyme (Paraskevopoulos et al. , 2006 ) . While the protein itself was highly similar to the two previous structures, the Cu Z site showed two water ligands at Cu Z1 and Cu Z4 , in agreement with the mechanistic proposals. However, form II and form III enzymes only show catalytic activity after reduction of Cu Z by a strong reductant such as reduced methyl viologen (Ghosh et al. , 2003 ) . This activated enzyme then retained its functionality even when the physiological electron transfer partner, cytochrome c 552 , was used during turnover. In contrast, the purple form I of N 2 OR was obtained by isolation under strict exclusion of dioxygen, and these preparations showed enzymatic acti vity without the requirement for an additional activation step. Note that this activation requires a redox potential that likely cannot be achieved in the oxidizing environment of the bacterial periplasm where N 2 OR is localized.
Preparations of the purple enzyme were described for P. stutzeri (Coyle et al. , 1985 ; Riester et al. , 1989 ) , and the enzyme was successfully crystallized under strict exclusion of dioxygen, yielding also purple crystals. Crystal microspectrometry during data collection showed that Cu A was swiftly photo-reduced at a synchrotron source, but not in data sets collected at a home source. The reduction state of Cu Z remained unchanged (Pomowski et al. , 2010 ) . The P. stutzeri enzyme represents the physiological state of N 2 OR and its analysis revealed several characteristic differences that are of mechanistic importance.
The Cu A center as a gatekeeper for electron transfer
In the years following their initial discovery, copper centers in proteins were classifi ed in three types, the mononuclear ' blue ' type I copper of azurins and plastocyanins; the type II site with a square-planar ligand environment and a much lighter color due to the absence of soft, electron-donating ligands for charge transfer transitions; and the binuclear type III site coordinated by six histidines and employed to bind (hemocyanin) or activate (tyrosinase) dioxygen (Solomon et al. , 1992 ) . Two prominent exceptions to this classifi cation scheme were found in the terminal enzyme of the aerobic respiratory chain, cytochrome c oxidase, and were designated Cu A and Cu B (Wikstr ö m, 2004 ) . While mononuclear Cu B forms part of the dioxygen binding site of the oxidase together with a heme group, Cu A is a single-electron transfer center with a positive redox potential and a characteristic, mixed-valent high spin [Cu A1 + 1.5 :Cu A2 + 1.5 ] S = 1/2 state in its oxidized form (Neese et al. , 1996 ) . The binuclear nature of this center was only recognized through studies of the analogous site of N 2 OR by electron paramagnetic resonance spectroscopy (EPR). In N 2 OR, the spectroscopic signature of Cu A is not masked by heme and reveals an axial signal with a hyperfi ne interaction that splits the g | | and g ∞ signals into seven lines with an intensity ratio of 1:2:3:4:3:2:1. This signature is explained by a single unpaired electron delocalized over two nuclei with a nuclear spin of I = 3/2 (Kroneck et al. , 1988 . The debate over the exact structure of Cu A (Li et al. , 1989 ; Kroneck et al. , 1990 ) , summarized by Beinert (1997) , was eventually put to rest by the crystal structure of cytochrome c oxidase from P. denitrifi cans (Iwata et al. , 1995 ) . In this work as well as in all following structures of cytochrome c oxidases and N 2 ORs, Cu A was a well-defi ned binuclear copper site with two bridging cysteine ligands, a single histidine coordinating each metal site and one additional ligand, mostly a methionine for one and backbone carbonyl oxygen for the other metal ion.
With the geometry and functionality of Cu A being well established through several observations, it was unexpected to fi nd a signifi cant difference in the architecture of the site in purple N 2 OR from P. stutzeri (Pomowski et al. , 2011 ) . In the structure of the oxidized enzyme as isolated from the host organism, one of the copper ions, Cu A1 , lacked its histidine ligand. The residue in question, H583, was present in the structure; however, its imidazole side chain was rotated by 130 ° to form a short hydrogen bond of 2.6 Å to the side chain of residue S550 (Figure 3 A) . At the same time, it retained its hydrogen bond to residue D576, an aspartate that reaches the protein surface. The corresponding residue, D519 of M. hydrocarbonoclasticus N 2 OR, was recently implicated as putative electron entry point, on the basis of theoretical docking calculations with the physiological redox partner of N 2 OR, cytochrome c 552 (Dell ' Acqua et al., 2008 ) . In some NosZ sequences, such as the one from Wolinella succinogenes , a similar cytochrome c domain is present as a C-terminal fusion to NosZ (Simon et al. , 2004 ) ; however, thus far, no structural data is available for any enzyme of this type. All residues involved in the conformational switch of Cu A are strictly conserved among N 2 ORs, and in all our studies the conformation with H583 not bound to Cu A1 was exclusively observed in the intact, purple form I of N 2 OR. The conformation of H583, however, was found to revert to the state commonly observed in Cu A centers upon two conditions: when Cu Z was partially degraded on exposure to dioxygen, or when the substrate N 2 O bound to its site close to the Cu Z center (see below). In both cases, the changes triggering rearrangement of H583 occur at Cu Z , indicating a functional coupling of the two metal centers. If we assume the rebinding of H583 to Cu A1 to be a prerequisite for electron transfer from the corresponding electron carrier protein, this means that in vivo the binding of substrate must take place before electrons can be transferred fi rst to Cu A and subsequently to N 2 O itself. H583 thus acts as a molecular gate for electron transfer, and a relevant consequence of this fi nding is that the oxidized, purple state of the P. stutzeri enzyme should be capable of binding the substrate. In line with these fi ndings, it was shown for P. pantotrophus N 2 OR that substrate reduction only occurs after a complex formation between cytochrome c 552 and N 2 OR (Rasmussen et al. , 2005 ) . The exact sequence of substrate binding, Cu A rearrangement, and docking of the electron donor as yet remains to be clarifi ed and might involve additional conformational changes.
Substrate binding at the Cu Z site
Substrate binding in N 2 OR was not previously achieved experimentally, but a detailed mechanistic evaluation based on the P. denitrifi cans structure (Chen et al. , 2002b ) led to the proposal of N 2 O to bind as a bridging ligand to Cu Z1 and Cu Z4 (Chen et al. , 2002a ; Gorelsky et al. , 2006 ) . In this model, complete reduction of Cu Z to an all-Cu(I) state was a prerequisite for catalysis, in line with the earlier observation that complete reduction of Cu Z renders form II N 2 OR catalytically active (Ghosh et al. , 2003 ) . For purple P. stutzeri N 2 OR, this binding mode and reduction mechanism are precluded owing to the presence of the additional sulfur atom S Z2 . Also, the enzyme was found to be active in a state where Cu Z was not fully reduced, and it remains to be clarifi ed whether the negative potentials required for this complete reduction can possibly be reached in the oxidizing environment of the bacterial periplasm. Following the above considerations on the conformational electron transfer gating in Cu A , the oxidized form I N 2 OR should be competent for substrate binding, and indeed the pressurization of purple crystals of P. stutzeri N 2 OR with 15 bar of N 2 O gas for 15 min, followed by immediate fl ashfreezing in liquid nitrogen, resulted in an unambiguous electron density feature for the elongated N 2 O molecule bound at the intact [4Cu:2S] Cu Z center of the enzyme (Pomowski et al. , 2011 ) . The observed bond distances between substrate and metal cluster were too long for covalent or even coordinative interaction; however, the most striking feature of the binding mode was the positioning of N 2 O side-on at Cu Z and its location exactly between the two metal centers of the enzyme (Figure 4 ). On this side, Cu Z forms a fl at metalsulfi de surface composed of three copper and two sulfi de ions, creating the fl oor of a narrow substrate binding cleft that is walled by residues F621 and M627 of the neighboring subunit. The roof of this pocket is formed by residue H626, a direct ligand to the adjacent Cu A site. Binding of the substrate in this position may provide a clue to a long-standing mechanistic question concerning the enzyme. While the Cu A site can be reduced even by mild reductants such as ascorbate, reduction of Cu Z is a far slower process. We observed this to take about 65 h for purple N 2 OR from P. stutzeri with the strong reductant dithionite . The use of redox mediators was found to allow for faster reduction of Cu Z , but likely only by circumventing electron transfer through Cu A altogether. Electron transfer from Cu A to Cu Z itself is therefore unusually slow considering the close distance of about 10 Å of the centers, and it clearly is far slower than the observed turnover rate of the enzyme. However, with N 2 O binding between Cu A and Cu Z , it seems unlikely that electrons arriving at Cu A would take one of the proposed pathways to Cu Z , surrounding the bound substrate only to eventually reach it through Cu Z . Instead, the data on P. stutzeri N 2 OR may suggest direct reduction of N 2 O by Cu A , in spite of the relatively high reduction potential of the site of about + 60 mV. In this scenario, it is the role of the Cu Z site to activate N 2 O to a point where electron transfer from Cu A becomes possible, although the tetranuclear site would not have to undergo a net change of its redox state during the reaction. At the same time, the position of N 2 O in the crystal structure was still too far from Cu Z to lead to substrate activation, and further data will be required to understand this initial phase of the catalyzed reaction. Hypothetically, as the binding of N 2 O leads to the conformational change of H583 that enables electron transfer from an external donor to Cu A , it may be the fi rst reduction step that leads to tight and defi ned binding of N 2 O to Cu Z in an activated form. A detailed analysis of this one-electron reduced state of the substrate-bound enzyme will be crucial.
Only very few model complexes with metal-bound N 2 O are known, and in these the molecule invariably coordinates the metal ion through a free electron pair of its terminal nitrogen atom in an end-on fashion (Neu et al. , 2009 ; Tolman , 2010 ; Piro et al. , 2011 ; Tskhovrebov et al. , 2012 ) . Note that in N 2 OR, this mode of binding is precluded owing to the steric hindrance of the protein surrounding the metal site. The protein matrix, and in particular the conserved F621, H626, and M627, here dictate the positioning of the ligand, and this is merely one of the aspects of the reaction environment that allows N 2 OR to carry out its unique chemistry. The structure indeed forces us to revise the classic view of an intricate and specialized metal center that catalyzes an isolated reaction, while it happens to be embedded in a protein that is nothing more than a passive ligand. Instead, the electron transfer gating at Cu A , the narrow substrate channel and active site cavity formed by the protein and the electron-rich, tetranuclear Cu Z cluster all need to act in concert, following a complex choreography. Cu A is not merely an electron transfer site (as is the case in cytochrome c oxidase), the Cu Z cluster is more an activator than a catalyst, and the role of the protein is far from passive.
Structural and spectral features of the Cu Z site
The different structures of Cu Z that were observed during the crystallographic analysis of N 2 ORs of forms II and III were discussed recently (Dell ' Acqua et al., 2011 ), but since then the structure determination of purple N 2 OR from P. stutzeri (Pomowski et al. , 2011 ) and the elucidation of the binding mode of N 2 O has altered the picture. Presently fi ve different structures of N 2 ORs originating from four different organisms are available, with the M. hydrocarbonoclasticus and P. denitrifi cans models representing a form III enzyme, the ' A. cycloclastes ' structure one of form II, and the purple form I is seen in the structure of P. stutzeri N 2 OR (Table 1) . In all cases, the proteins are highly homologous, with root-meansquared deviations of all atom positions around 1 -2 Å . With the exception of substrate-free P. stutzeri N 2 OR, all models show a typical Cu A site with the histidine ligand to Cu A1 coordinating the metal ion. All Cu Z centers, irrespective of their redox state or the presence or absence of dioxygen during isolation of the enzymes, are tetranuclear with a central, μ 4 -bridging sulfi do ligand. [Note that the original assignment as Figure 4 The active site of P. stutzeri N 2 OR with bound substrate. The stereo image shows Cu A of the cupredoxin subunit (blue) interacting closely with Cu Z from the β -propeller subunit (green). Nitrous oxide binds in a side-on orientation on the face of the Cu Z cluster, oriented by conserved amino acid residues from the cupredoxin domain. This binding mode most likely allows for direct electron transfer from the Cu A site to the substrate, making the complex arrangement of two metals sites plus the intervening protein residues from two subunits a single, intricate active center for N 2 OR. oxygen in the M. hydrocarbonoclasticus structure was subsequently revised to sulfur (Brown et al. , 2000a ) .] In spite of slight variations in exact positioning and bond distances, there is no controversy concerning the [4Cu:S] core structure of Cu Z . The major difference between the sites is the nature of the ligands to two of the four copper ions, Cu 1 and Cu 4 . In the form III structures from M. hydrocarbonoclasticus and P. denitrifi cans (Brown et al. , 2000a ; Haltia et al. , 2003 ) , a bridging water or hydroxo ligand has been placed into the observed electron density feature (Figure 5 A,B) . In these models, the Cu-O distances are unusually large (2.3 -2.7 Å ), and in the derived mechanistic proposal this was interpreted as a sign for good exchangeability of the water, making the Cu 1 -Cu 4 edge of Cu Z the postulated binding site for N 2 O (Gorelsky et al. , 2006 ) . In the subsequent structure determination of form II N 2 OR from ' A. cycloclastes ' , a separate water ligand was modeled to each Cu 1 and Cu 4 , at distances of 2.2 and 2.1 Å , respectively (Paraskevopoulos et al. , 2006 ) (Figure 5C ). This was well in line with the proposed mechanism, and in the same work the authors also presented an iodide-inhibited form of the enzyme, where the halide anion bound at the Cu 1 -Cu 4 edge of Cu Z ( Figure 5D ). When the purple form of P. stutzeri N 2 OR showed the [4Cu:2S] stoichiometry of Cu Z for the fi rst time (Pomowski et al. , 2011 ) , the topology of this cluster was almost identical to the iodide-bound form of ' A. cycloclastes ' (Figure 5E ). This fi nding may prove highly relevant for understanding the assembly of the Cu Z site during NosZ biogenesis.
Electron excitation spectroscopy is highly effective for differentiating the various distinct forms of N 2 OR. The spectrum of form I N 2 OR shows a characteristic maximum at 538 nm and can be deconvoluted into a set of distinct transitions (Figure 6 A) . As Cu A , but not Cu Z , can be selectively reduced to a colorless state with ascorbate, the assignment of these transitions to either metal center is straightforward Pomowski et al. , 2011 ) . The same assignment is obtained using a Cu Z -defi cient variant of the enzyme , leading to well-defi ned subspectra for the two copper centers ( Figure 6B ). The subspectrum of Cu Z can be modeled with two transitions at 552 and 650 nm ( Figure 6C) , and in the light of the structure of P. stutzeri N 2 OR, these were suggested to be distinct charge transfers to a copper ion, originating from atoms S Z2 and S Z1 , respectively (Pomowski et al. , 2011 ) . The current view of the Cu Z structure as detailed above is it that during oxic isolations of the enzyme, atom S Z2 is lost, and concomitant with this the removal of the 552 nm transition of the Cu Z spectrum leads to a single remaining band at 650 nm that was previously described as the Cu Z * state (Zumft and Kroneck , 2007 ) . In combination with the Cu A signature, this signal adds up to a typical form II spectrum as presented for ' A. cycloclastes ' N 2 OR (Paraskevopoulos et al. , 2006 ) that lacks the characteristic maximum at 538 nm ( Figure 6D ).
Taken together, these observations yield a coherent interpretation of the forms of N 2 OR and their ensuing spectroscopic differences. Cu Z is the functional and intact [4Cu:2S] site assembled in the bacterial periplasm in the absence of dioxygen. It obtains electrons from a soluble redox protein, such as cytochrome c 552 , and is able to reduce the substrate nitrous oxide without the requirement for a strong reductant such as methyl viologen. Through exposure to dioxygen (and possibly other factors that need yet to be identifi ed), atom S Z2 can be lost and Cu Z will degrade into the [4Cu:S] center Cu Z * as observed in previous structure determinations. Thus far, no successful reconstitution of Cu Z (or Cu Z *) has been reported, and the loss of atom S Z2 from Cu Z may indeed lead to irreversible inactivation of N 2 OR in vivo , concomitant with increased release of N 2 O from fertilized soil (Ravishankara et al. , 2009 ). The purple form thus represents Cu Z , while the pink protein, form II, contains Cu Z *. Degradation of Cu Z is a gradual process, and it is conceivable that different preparations of the enzyme show large variations in their Cu Z /Cu Z * ratio, as noted previously (Zumft and Kroneck , 2007 ) . For the classifi cation of the forms of N 2 OR, this also means that the defi nition of form III, the ascorbate-reduced state of the enzyme, is insuffi cient. Reduction of Cu A will leave the enzyme in a blue form that can either represent the [4Cu:2S] Cu Z ( Figure 5B,C) or the [4Cu:S] Cu Z * center ( Figure 4D ). We therefore suggest to designate the Cu Z state (derived from I N 2 OR) as form III, and the Cu Z * state (derived from form II N 2 OR) as form III*. Initial structures showed dithionite-reduced protein after isolation in the presence of oxygen (form III). For P. nautica/M. hydrocarbonoclasticus (A) and P. denitrifi cans (B), a water ligand was modeled to bridge Cu Z1 and Cu Z4 . (C) The subsequent structure determination of the enzyme from ' A. cycloclastes ' , a pink form II preparation, showed two separate water ligands at the copper ions, while the addition of the soft ligand iodide (D) yielded a bridging conformation that closely mimics the binding of S 2-in the form I structure from P. stutzeri (E), but does not show catalytic activity.
Further evidence that all different forms of N 2 OR observed to date can be reconciled into the above model comes along further lines of observations. Rasmussen and co -workers (2002) have characterized P. pantotrophus N 2 OR from anoxic and oxic preparations, showing that the former can be reduced from a true form I (as isolated) to form III (ascorbate-reduced) and form III* (dithionitereduced), while the latter is a form II enzyme (as isolated) that yields to form III* after ascorbate or dithionite treatment. Fujita and co-workers (2007) have presented a homologous expression system for recombinant N 2 OR of ' A. cycloclastes ' . In their work, they show spectroscopic evidence for a typical form II enzyme obtained from isolation in the presence of dioxygen, very similar to the spectra that accompanied the structure description (Paraskevopoulos et al. , 2006 ) . However, when isolated under anoxic conditions and oxidized with ferricyanide, the protein clearly shows the spectroscopic properties of a form I N 2 OR, in particular the distinct maximum at 538 nm. More recently, Dell ' Acqua and co-workers (2012) have carried out the isolation of M. hydrocarbonclasticus N 2 OR under several conditions, resulting also in a typical form I spectrum. Interestingly, in this study, they were able to obtain form I enzyme in the presence of dioxygen, indicating that the determining factor for the integrity of Cu Z may not only be the prevention of oxygen-induced damage.
By now, the distinct data sets obtained for different forms of N 2 OR from several organisms have yielded a detailed structural and spectroscopic picture of the enzyme. Rather than being an end point to N 2 OR research, this now allows to address the relevant mechanistic questions that will deepen our understanding of this remarkable enzyme. Important milestones on this way will be to elucidate the basis of reductive activation vs. the in vivo functionality of the Cu Z cluster. A highly detailed approach for such studies has been laid out (Dell ' Acqua et al., 2012 ) . The discovery of the spectroscopic signature of a new intermediate in N 2 OR catalysis in M. hydrocarbonoclasticus , the Cu Z 0 state with characteristic 680 nm absorption, may be of high relevance (Dell ' Acqua et al., 2010 ) , as well as the possibility to generate recombinant enzyme and construct new point mutations (Fujita et al. , 2007 ) . Finally, the possibility to observe bound substrate at an intact Cu Z center opens a path toward depicting actual reaction intermediates, inhibitor complexes, and possibly even the very process of degradation from Cu Z to Cu Z *. These lines of work will help in the very near future to draw a mechanistic picture of this important and highly complex redox enzyme at unprecedented detail. (Paraskevopoulos et al. , 2006 ) .
